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[57) ABSTRACT

A fitness impairment tester implements a self-adminis-
tered screening test to determine whether a subject is
physically impaired. The tester 1s fully automated to
respond to the entering of a subject’s personal identifi-
cation on a keypad. By superposing two diiferent col-
ored lights as viewed through an eyepiece, the subject
aligns his or her pupil on the optical axis of pupil imag-
ing optics which focuses an image of the subject’s pupil
on an image plane. The tester automatically recognizes
this condition and audibly signals the subject that the
test is about to begin. Light stimuli are provided to
cause the pupil to change size and the eye to move.
Pupil diameter measurements are made of the image of
the subject’s pupil in response to on axis light stimuli.
Eve tracking of the subject’s eye in response to moving
light stimuli provide a measure of eye movements. The
data acquired by measuring pupil diameter and saccadic
movements of the subject’s eye as a function of time are
compared with baseline data for the subject stored 1n a
database, and an output indicative of a deviation of said
current measurements from said baseline data is pro-
vided.

17 Claims, 9 Drawing Sheets
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1
FITNESS IMPATRMENT TESTER

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention generally relates to apparatus

for testing for impairment in the physical performance
of individuals, and especially those individuals who may
be engaged in the operation of potentially dangerous
equipment. More particularly, the invention is directed
to an apparatus which is sensitive to changes in the state
of a person’s central nervous system, whether due to
illness, fatigue or the influence of alcohol and drugs.

Description of the Prnior Art

Government statistics demonstrate that certain risk
factors are associated with traffic accidents. For exam-
ple, the proportion of fatally injured drivers testing
positive for alcohol 1s markedly higher for those drivers
at fault than for those not at fault. Other drugs, such as
marijuana, cocaine, oplates and amphetamines are simi-
larly cited as increasing the risk of accidents. Similarly,
iliness and fatigue can adversely affect the performance
of an individual in the operation of a vehicle, whether a
private automobile or a commercial conveyance such as
a bus, train or airplane. Obviously, the risk factor is
magnified many times in the case of commercial trans-
portation due to the number of passengers involved.
Moreover, the problem of physical impairment is not
Iimited to the field of transportation, as it has been rec-
ognized that there are many other fields, such as the
operation of machine tools and heavy equipment, where
such impairment places the operator of the tools or
equipment at great personal risk.

The general problem 1s well recognized and has led,
in certain cases, to strict laws and regulation, both on

the state and federal levels, to prohibit operation of

certain types of equipment by individuals who are phys-
ically impaired due, for example, to alcohol or drugs.
However, such laws and regulations do not address
those cases where an individual is not physically im-
paired due to alcohol or drugs, but may be ill or fa-
tigued. Moreover, laws and regulations usually are in-
voked only after the fact of an accident.

In an effort to address the problem prospectively,
millions of dollars are spent each year in both the public
and private sectors to educate the public concerning the
potential risks of operating equipment while physically
impaired. Unfortunately, recent research casts doubt on
the ability of individuals to recognize and to make accu-
rate judgements about the amount of their own impair-
ment. For example, it 1s generally well recognized that

many persons consistently underestimate the level of
impairment after consuming even a small quantity of

alcohol. It is probable that this is generally true no
matter what the source of the physical impairment.
What is needed, therefore, especially for high risk
activities, is a way to provide an objective determina-
tion of a level of physical impairment of individuals
who are about to engage in high nisk activities. The
problem 1s that the risk associated with factors such as
alcohol, drugs and fatigue are not always easily demon-
strated by individual performance on highly learned
tasks such as those used in performance testing. Overt
performance deficits, such as decreases in eye-hand
coordination, cognitive skills or short term memory are
not reliable indicators, for an individual, of the presence
of these risk factors except at the extremes. Even when
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overt performance deficits are not present, covert per-
formance deficits can significantly impact safety. Co-
vert performance deficits exists when the measured
performance levels of highly learned tasks are normal

but the ability to recognize and react to new or unex-
pected situations is impaired. -

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to
provide an objective way to screen for the presence of
risk factors associated with both overt and covert per-
formance deficits.

It 1s another object of the invention to provide a
self-administered test which reliably and accurately
identifies those workers who are at increased risk to
themselves, their co-workers and the public.

It 15 a further object of the invention to provide a
device which performs a completely safe, non-invasive
test that causes the subject no discomfort and provides
an immediate result as to the physical impairment of the
subject.

According to the invention, there is provided a de-
vice which performs a brief eye test to screen for the
presence of risk factors. A completely automated and
self administered test uses involuntary eye respomnses
that are sensitive to such risk factors as alcohol, drugs
and fatigue. By testing involuntary responses, the de-
vice is not influenced by learning or motivation. A
complete test takes approximately thirty seconds.

Baselines are a key part of the operation of the device.
According to one aspect of the invention, a baseline is
established for each individual by taking repeated tests
during an initial time period. This baseline contains all
the information necessary to compare a current reading
to the expected range of responses for that individual. A
test result indicates whether the current measure, com-
pared to that of the individual’s baseline, is within an
expected range of day-to-day vanation. If the difference
1s larger than this expected range, the individual fails the
test. Alternatively, baselines can be based on a large
population. In this case, the baseline is used in the same
way but is less sensifive than individual baselines.

'To stimulate the pupil response, the device provides
controlled flashes of light with retinal intensity that is
constant regardless of pupil size. To stimulate eye
movements, light targets are made to move along a
precise path. Under computer control, the device mea-
sures pupll diameter sixty times each second and eye
position nine hundred times each second. Infra-red
light, illuminating only the inside of the eye, is scattered
by the retina and reflected back out of the pupil. This
light forms an image on an infra-red sensitive video
sensor, such as a charge-coupled device (CCD). Track-
ing of eye movements keeps the image at the center of
the camera. The device provides extremely accurate
measurements of pupil diameter, constriction amplitude
and saccadic eye movement velocity. The device also
provides very accurate and repeatable measures of pupil
latency, which is an important additional predictor of
central nervous system integrity. |

In one preferred embodiment of the invention, the
device was implemented as a portable device, approxi-
mately the size of a catalog case, allowing the device to
be set up on a table top. In this implementation, the
device can be used for gathering the baseline response
data for individuals. In another preferred embodiment
of the invention, the device may be mounted in a wall
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adjacent an entry way. When so mounted, an eye piece
and a numerical keypad are provided so that the subject
may enter a personal identification number and then
look into the eyepiece for a brief test, the result of
which would be a simple pass or fail. The subject may 5
be informed of test completion by an audible signal or
other appropriate means. The test result may be evi-

denced by a printout and accumulated in the subject’s
data file.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advan-
tages will be better understood from the following de-
tailled description of a preferred embodiment of the
invention with reference to the drawings, in which:

F1G. 11s a graph showing a typical pupil response to
a 0.1 second light flash used in a preferred embodiment
of the invention;

FIG. 2 is a graph showing the probability density
function for Index:

FIG. 3 1s a graph showing the total probability for
Index;

FI1G. 4 1s a block diagram showing the the functional
components of a preferred embodiment of the inven-
t10n;

FIG. 5 1s a schematic diagram showing the optical
location of green and orange lights used to align the eye
to an optical axis;

FIG. 6 1s a schematic diagram showing the optical
components of the eye tracking and pupil imaging sys-
tems, and

FIG. 6A shows a detail of the quadrant detector;

FIG. 7 1s a plot of the video signal on one horizontal
line through the middle of a typical sharp image of the
pupil on a sensor;

FIG. 8 1s a plot of the video signal if the pupil is on
axis but too far from the instrument causing the image to
become defocused;

F1G. 9 1s a plot of the video signal if the light does not
fall on the pupil but instead on the sclera or eye lid;

FIG. 10 1s a pictorial diagram showing the configura-
tion of the light stimulus component of the preferred
embodiment of the invention; .

F1G. 11A is a graph'showing an ideal blink curve and

FIG. 11B 1s a graph showing a problem blink curve 45
used to illustrate the process of recognizing a blink; and

FIG. 12 1s a flow diagram showing the logic of the
software subsystem that controls the microprocessor of
the system to perform blink detection.
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DETAILED DESCRIPTION OF A PREFERRED >0

EMBODIMENT OF THE INVENTION

The invention tests involuntary reactions of the eye
to controlled stimuli. Movements of the eyes and pupils
are sensitive to factors that effect the central nervous 55
system. Because the neural pathways that carry visual
information from the eyes and the control information
back to the eye muscles cover a significant portion of
the brain, a change in brain function is likely to alter the
control of one or more of the eve functions. This basic 60
relationship is well recognized in the medical arts, and a
routine physical examination typically includes observ-
ing eye movement and the reaction of the pupils to light
as a coarse assessment of neurological integrity. The
subject invention provides three fundamental capabili-
ties that dramatically improve on this technique. First,
the invention makes highly accurate and repeatable
measures of pupil size, eye position and their dynamic
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changes. Second, the external stimulus conditions that
force these changes are precisely controlied. Third, the
invention compares these measurements with a previ-
ously established baseline for each subject. If the results
of this comparison are within a statistically determined
range, the result is reported as a PASS. If the compari-
son 1s outside that range, the result is reported as a
FAIL. No judgment as to the underlying cause may be
made. Rather, the tested subject should receive addi-
tional attention to determine what conditions might be
present.

Referring now to the drawings, and more particu-
larly to FIG. 1, there is shown a graph of a typical pupil
response to a 0.1 second light flash used in a preferred
embodiment of the invention. The flash is initiated at
“0” seconds. Before the flash occurs and for a period of

‘about 250 milliseconds after its onset, the pupil has a

relatively constant diameter which is labeled “Initial
Diameter”. This diameter is one of the parameters eval-
uated by the invention. The period between the onset of
the flash and the beginning of the response is called the
“Latency” and 1s the second parameter evaluated. The
pupil then responds by constricting briefly and finally
returns to its initial diameter. The extent of this constric-
tion 1s labeled “Amplitude” and is a third parameter
evaluated. As will be explained in more detail hereinaf-
ter, a fourth parameter evaluated is that of “Saccadic
Velocity”, which is the average velocity of rotation of
the eye, measured in degrees per second, as the subject
responds to an abrupt change in target position. This
parameter 1s measured by tracking the eye movement
that results from precisely controlled moving light stim-
uli

While the preferred embodiment of the invention
measures Initial Diameter, Latency, Amplitude and
Saccadic Velocity in order to evaluate fitness impair-
ment, other parameters could be measured, either in
addition to or instead of some of the parameters mea-
sured. Examples of other such parameters are maximum
constriction velocity, time constant of the constriction,
redilation time constant, and the like. In particular, our
tests have shown that redilation speed is an important
measure of fatigue. Table 1 summarizes the impact of
various factors on the eye as described in the literature.

TABLE 1
Factor Major Effect on the Eye Noted
Marijuana Reduced Constriction Amplitude
Cocaine Increased Diameter
Heroin, Reduced Diameter, Reduced Saccadic Velocity
Codeine and
other Opiates
Amphetamines Increased Diameter
Alcohol Decreased Saccadic Velocity
PCP Reduced Constriction Amplitude
Fatigue Decreased Diameter and Unstable Responses
Central Ner- Varies by Location of Damage
vous System
Disorders

Retinal Damage Reduced Constriction Amplitude

In a preferred embodiment of the invention, each
individual baseline consists of eight numbers computed
from several repeated test results taken for that individ-
ual. From that sample of tests, a mean, and a standard
deviation, a, are computed for each of the three pupil
parameters shown in FIG. 1 and for Saccadic Velocity.
A typical baseline is shown in Table 2.
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TABLE 2

Parameter  Description Baseline Values
Diameter  Imtial pupil diameter just prior  pujyy=  oINT =

to hight flash. 46mm .21 mm 5
Amplitude Difference between initial LAMP = O AMP =

pupil size and minimum l.1mm .09 mm

pupil size.
Latency Time from start of flash RIAT = OLAT =

to start of constriction. 260 msec 10 msec
Saccadic Average velocity of LSy = oSy = 10
Velocity rotation of eye in response to 34%°/sec  17°/sec

28° change 1n target position.

While the preferred embodiment of the invention uses
eight numbers in the baseline data, this number may be
increased to ten or more. For example, a mean, u, and
a standard deviation, a, of redilation velocity, a parame-
ter affected by fatigue, could be added to the eight
numbers used in the baseline data of Table 2

Using the individual baseline, the invention computes
an Index that measures the similarity of a current re-
sponse to the baseline, as follows:

13

20

)2 (1)

where P;1s a parameter, u;is the mean for the parame-
ter, and o;1s the standard deviation for the parameter,
there being n parameters. For example, a preferred
embodiment of invention computes the Index as

Py — pg
o

Index = E ( 25

=1

30

2 2 (2)
INI — pINT ) ( AMP — papmp )
Index =
. ( O INT + T AMP - 33
. 2 2
( LAT — pr4aT ) +( SV — psy )
I AT oSV ’

where INI is the Initial Diameter, AMP is the Ampli-
tude, LAT 1s the Latency, and SV is the Saccadic Ve-
locity of the current measured response.

Large values of Index indicate that the current pa-
raméter values are very different than those of the base-
Imme. The characteristics of the chi-square distribution
are used to determine the value of Index below which a
desired proportion of normal tests will fall. The relative
likelihood that a particular value of Index will occur is
given by the probability density function. p(Index), of 50
the chi-square distribution with four degrees of free-
dom:

435

_ Index - (3)
- C .

35

Index

P(Index) = 3

The total probability, P(Index), that a given result will
fall below a specific value of Index is found by integrat-
ing the probability density, p(Index), between the limits
of 0 and that value: FIG. 2 shows the relative likelihood
that the given value of Index will occur. For example,
an Index value near two 1s the most likely value

60

4) 65

Index

Ax)dx = 1 — ( In;lex

_Index
P(Index)-—-—f +1)-e 2

0

6

while an Index value of near ten occurs one tenth as
often. While FI1G. 2 shows the probabilities associated
with a specific value, FIG. 3 shows the overall likeli-
hood that a result will fall anywhere below a value. For
example, 99.9% of test results of normal subjects will
fall below an Index value of 18.467. This value can then
be used as a threshold with which to judge test results.
If Index is greater than the threshold, the preferred
embodiment of the invention reports the result as
FAIL.

It should be understood that there are other statistical
formulae that could be used to make a pass/fail judge-
ment. Each formula answers a different statistical ques-
tion. This formula implemented answers the guestion,
what is the probability that the current values of the
parameter set could occur for this individual under the
same condition as obtained during collection of baseline
data conditions? If that probability is sufficiently small
(say 0.1%), the result is a fail and it is assumed that
something is not normal. Other statistical questions are
possible. For example, a regression analysis might an-
swer the question, 1s it more likely that the current set of
parameters would occur for this individual under nor-
mal conditions or under the influence of marijuana?
Such a regression analysis could be done for each risk
factor for which data is available. In the preferred em-
bodiment of the invention, a result reported as FAIL
makes no declaration of the underlying cause; however,
it should be understood that it i1s possible to make clear
statements in many cases because different classes of
drugs affect the measured parameters differently, as
does fatigue.

With reference again to FIG. 1, when repeated sam-
ples are obtained for a given individual, the values of
Initial Diameter, Latency, Amplitude, and Saccadic
Velocity will be very similar under normal conditions.
There are, however, a number of factors that can pro-
foundly change an individual’s response. The invention
provides extremely accurate measurements of pupil
diameter and constriction amplitude and very accurate
and repeatable measures of latency. We have found that
latency 1s an important predictor of central nervous
system integrity. In addition, the invention provides
extremely accurate measures of saccadic velocity. Vali-
dation of the operation of the invention has been carried
out in controlled scientific studies at major research
institutions.

A complete test using the invention takes approxi-
mately thirty seconds and is self administered. A printed
test receipt, available immediately, can provide a record
of the result of the test. For workers in jobs classified as
safety sensitive, employers can use the invention at the
beginning of each shift. Each worker takes the thirty
second test as part of the routine check-in procedure
and provides their supervisor with the printed test re-
ceipt before the worker is allowed to begin the shift.

F1G. 4 shows the block diagram of the functional
components of a preferred embodiment of the inven-
tion. The device 10 includes a keypad 11 for input of a
subject’s identification number. This information is pro-
cessed by the computer 13 and used to access the sub-
ject’s baseline data from database 14. Once the com-
puter 13 has determined the subject’s PIN to be valid,
an audible signal is provided by speaker 16 indicating
that the device is ready to begin a test.

Baselines are a key part of the operation of the inven-
tion. During baseline data collection, the instrument is
controlled by an operator who instructs the subject,
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enters the subject’s identification number and other
personal information, and runs the test. The baseline is
established for each individual by taking repeated tests,
and calculating the mean and standard deviation from
the group of tests, storing in a baseline table in database
14 which i1s later accessed during routine testing. This
baseline contains all the information necessary to com-
pare a current reading to the average response.

During routine testing (i.e., after baseline data have
been collected and results stored in the database 14), the
following procedure is followed. Initially, the instru-
ment is in a standby mode, in which nothing is operating
except those aspects of the system that are required to
sense entries on the keypad 11. First, the subject enters
his or her identification number on the keypad 11. The
entered identification number is checked by the instru-
ment t0 determine whether it is valid: that is, whether
or not it matches an identification number in the data-
base 14. If not, an error tone is sounded on speaker 16.
If the number is valid, the instrument is ready for a test.
The test begins when the subject places their eye up to
the eyepiece 17 and the instrument recognizes their
pupil to be in the correct position. Upon completion of
a test, the imnstrument compares the values of a set of
parameters derived from the measurements with a cor-
responding set derived from the baseline data in data-
base 14 and computes the results of the test, printing
either a PASS or FAIL receipt 23 on printer 24 or
printing FAULT, if the test did not terminate success-
fully. Following printing, the instrument returns to a
standby mode.

When notified that the device 10 is ready to begin a
test, the subject looks into the eyepiece 17. The first
thing the instrument must do is to decide whether or not
a pupll 1s present in approximately the right position;
that is, aligned with the optical axis of the instrument.
The subject assists in obtaining optical alignment by
looking through the eyepiece 17 while the eye is a few
inches away from the instrument. At that point, the
subject sees a small orange and a small green light. FIG.
S shows the optical locations of a green light emitting
diode (LED) 31 and an orange LED 32. The green
LED 31 1s viewed directly through the pane of glass 33,
while the orange LED 32 is viewed by reflection from
the glass 33. The optical distance from the eye 40 to the
orange LED 32 is about twice the optical distance from
the eye to the green LED 31. Therefore, when the
subject moves their head horizontally or vertically, a
motion parallax is produced causing one light to move
with respect to the other. The goal is to give the subject
information allowing him or her to place the eye on the
optical axis of the measuring optics. This is accom-
plished by the subject moving sideways and up or down
until the orange and green lights appear to be superim-
posed. At this point, the subject then moves up to rest
against a rubber eyecup 18 while maintaining the super-
position of the two lights.

In FIG. 4, the computer (or microprocessor) 13 con-
trols an eye tracking system 21 in a feedback loop. The
eye tracking system 21 provides an output to pupil
imaging optics 22 which, in turn, provides an output to
the computer 13. FIG. 6 shows in schematic form the
basic components of the eye tracking system 21 accord-
ing to a preferred embodiment of the invention. The
subject’s eye 40 is positioned relative to the eyepiece 17
having a eyecup 18 so that initially the subject’s gaze is
aligned along center line 43 toward a pupil stimulus and
fixation target 44.

10

15

20

23

30

35

40

45

50

35

65

8

The tracking system itself includes a tracking mirror
46 which pivots about two perpendicular axes. The
pupil of the subject’s eye is illuminated by an infrared
(IR) light emitting diode (LED) 47. The light from the
LED 47 1s reflected by a fixed mirror 48 through an
imaging lens 49 and beam splitter 50 to tracking mirror
46. The IR light is reflected by the tracking mirror 46
through the eyepiece 17 to the subject’s eye 40, where it
forms an image of IR LED 47 that is much smaller than
the smallests that the pupil ever gets. The light thus
passes through the pupil and falls on the retina, where it
is backscattered.

Backscattered light that exits the eye through the
pupil 1s reflected by the mirror 46 to beam splitter S0
which reflects the light through imaging lens 51 and an
IR pass filter 34 to a second beam splitter 52. Part of the
IR light is reflected by the beam splitter 52 to a quad-
rant detector 53, shown in more detail in FIG. 6A, and
part of the IR light is passed by the beam splitter 52 to
a video camera 3§, typically in the form of a charge
coupled device (CCD). The beam splitter 52, IR filter
34 and CCD sensor 55 constitute the pupil imaging
optics 22 shown in FIG. 4.

In an application of a preferred embodiment of the
invention, the camera 55 is used for making pupil diame-
ter measurements during a part of a test procedure. The
tracking system 1s independent of the camera and pupil
diameter measuring system and, therefore, that system
will not be described in detail here. For a description of
a suitable system for measuring pupil diameter, see U.S.
Pat. No. 5,196,872 to Beesmer et al. The camera video
can also be used to correct certain kinds of errors, par-
ticularly those associated with the use of stepper motors
as positioning motors for the tracking mirror. For exam-
ple, when the eye moves slowly and smoothly (i.e.,
“pursuit movement”), the motor position of course
consists of a series of steps, which, if plotted, make it
look like the eye is stepping instead of moving
smoothly. However, for these slow movements, the
video rate 1s fast enough that motion of the image across
the camera can be measured between motor steps. The
tracking mirror tries to null the movements of the image
of the eye, but the tracking mirror being driven by a
stepper motor, moves in steps; however, if the eye is
moving smoothly, its imnage will move smoothly be-
tween steps. Thus, by measuring the displacement of the
video and adding it to the motor position display, a
better representation of what the eye is actually doing is
achieved.

The tracking system uses a quadrant detector 53,
instead of the camera 55. A plan view of the quadrant
detector §3 1s shown in FIG. 6A and comprises IR
detectors 831, 537, 533, and 534, one for each of first,
second, third, and fourth quadrants of an image plane
onto which an image of the subject’s pupil is projected
by the beam splitter 52. Wires 561, 567, 563, and 564,
respectively connected to IR detectors 53, 53,, 533, and
334, carry analog signals corresponding to the amount
of IR light falling on the corresponding detector. These
analog signals are combined and digitized for process-
ing by the computer 13.

If the pupil is approximately aligned, light from the
IR LED 47 enters the pupil about at its center and
illuminates the retina. Light backscattered from the
retina that emerges from the pupil is split by beam split-
ter S0 and again by beam splitter 52. Half of the light
passing through beam splitter 50 forms an image of the
pupil on a CCD sensor S5 and the other half forms an
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image of the pupil approximately centered on the silicon
quadrant photodetector 53. To begin testing, a decision
regarding whether or not a pupil is present and being
properly imaged must be made by the computer 13.
That decision is based upon the intensity and the distri-
bution of light falling on the CCD sensor 55. If the eye
1s entirely absent and nothing lies in front of the eye-
piece 17, and neghgible light is reflected to the CCD
sensor 53, the mstrument will not initiate testing. If light
does not fall on the CCD sensor 55 in this case, it will
also fall on the ambient light photodetector 56 and the
computer 13 will 1nitiate testing.

This decisicn process is implemented as follows. A
value of the video level, called THRESHOLD_LOW.
is chosen to be just greater than the video level in the
absence of any object in front of the eyepiece 17 that
would reflect light back to the CCD sensor 55. The
“puptl diameter” determined using that threshold,
called DIAMETER], will be zero if no reflecting sur-
face is present. One of the criteria for PUPIL_PRE-
SENT 1s that DIAMETER1 exceeds a user-settable
threshold called MINIMUM_DIAMETER. If an eye
1s in front of the eyepiece 17 and properly centered then
the small spot of IR light emerging from the instrument
will enter the pupil, scatter from the retina, and back-
light the pupil. If the eye is approximately at the correct
distance from the instrument, the bright pupil image
will be sharply focussed on the CCD sensor 55. How-
ever, if the eye is not centered, the light emerging from
the mstrument will illuminate some part of the eye other
than the pupil, e.g., the eye hd. In that case, light re-
flected back into the instrument will produce a bright
spot on the CCD sensor 335, but 1t will not have sharp
edges. Similarly, if the light enters the pupil but the eye
1s far enough away from the instrument that the pupil
image 1s badly defocused, it will not have sharp edges.
Therefore, the second set of criteria for PUPIL__PRE-
'SENT are related to the sharpness of the image on the
CCD sensor 35. These criteria can be understood by
referring to FIGS. 7, 8 and 9.

FIG. 7 1s a plot of the video-signal on one horizontal
line through the middle of a typical sharp image of the
pupil on CCD sensor 55. The horizontal axis represents
either time or distance and the vertical axis, either
image brightness or video voltage. The lowest level,
labeled “background”, is the level due to stray light and
miscellaneous sources of noise. The wide pedestal with
sloping sides in the middle is the pupil image, and the
narrow spike at the center is a reflection from the cor-
nea. The geometry of the optics is such that the corneal
reflection is minimized and often absent.

If the pupil is on axis but too far from the instrument,
the image becomes defocused, as in FIG. 8, and if the
hght does not fall on the pupil but instead on the sclera
or eye hd, the image is as in FIG. 9. Only FIG. 7 repre-
sents the state that is called PUPIL_PRESENT. To
make this determination, three threshold levels are set,
indicated as T, T2 and T3 in the figures.

T 1s a constant set to be slightly above the back-
ground level. T, i1s dynamically set in the following
way. At the end of each horizontal line, the electronic
hardware sends a value to the computer 13 that repre-
sents the peak of the low-pass filtered video signal level.
This level 1s called PEAK_LEVEL, and because of the
filtering, it typically falls at about the level indicated in
FIGS. 7, 8 and 9. T, is set to be a fixed distance (called
T_DELTA_NEG) below PEAK_LEVEL, that is,
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Ty=PEAK_LEVEL—1T._DELTA_NEG,

where T_DELTA_NEG>0. However, for reasons
that are explained below, it is important that T, not be
too close to Ty, as it might become if PEAK _LEVEL
drops too low. Therefore, if Ty, as determined above,
falls below a particular value, V, it is reset to equal V,
where V is significantly above T}, as indicated in FIG.
7.

‘The third threshold, T3, is set to a fixed distance,
called T_DELTA__POS, above PEAK_TLEVE]L, that
1S,

Ty=PEAK_LEVEL+T_DELTA_POS,

where T..DELTA__POS>0.

For each threshold level, a diameter can be deter-
mined; e.g., D1, D7 and Ds, respectively. If there is
nothing in front of the eyepiece 17, the D will be zero.
The first criterion for PUPIL _PRESENT is that D;
exceeds a small criterion value called MINIMUM___
DIAMETER. If the image is sharp as in FIG. 7, the
diameters D1 and D; will be close to equal. Therefore,
a second criterion for PUPIL_PRESENT is that

Di-D; must be smaller than a criterion value, called
Vi1i_2.

Sometimes an image that is not a pupil image will
have steep enough slopes that the above criterion is
satisfied as, for example, if the light level in FIG. 9 were
substantially mcreased. To handle that contingency, a
third criterion is imposed, namely that the difference

between D2 and D3 must be greater than a criterion
amount, called V2_3.

In summary, PUPIL_PRESENT is true if

D1 = MINIMUM_DIAMETER, and
(D + V1_2) = Dy, and
(D3 + 2_3) < Dy

Occasionally, the instrument 1s positioned so that, with
no subject in place, light from a lamp or window enters
the evepiece and illuminates the CCD sensor 55 in a
way that satisfies all the above conditions. To prevent
this from causing the instrument to begin testing, a

- second photosensor 36, shown in FIG. 6, within the
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instrument but well away from the optical axis, is moni-
tored. If room light enters the instrument, 1t will illumi-
nate this detector, but when the eye is in place, the
detector 1s not iluminated. The instrument will not
initiate a test unless the signal from this second photo-
sensor 96 is below a threshold level.

If the eye 1s sufficiently well centered and approxi-
mately 1n focus, the computer 13 causes the instrument
to automatically initiate the testing sequence, as ex-
plained below, and sounds a beep on speaker 16 to sig-
nal the subject that this is so. If no beep sounds, the
subject moves a little side to side or up and down until
the beep does sound. The test then proceeds automati-
cally until it 1s complete, at which point another beep is
sounded on speaker 16 and all the lights in the instru-
ment are turned off. |

Returming to FIG. 4, the computer 13 controls the
light stimulus component 19 during the test. This com-
ponent, shown in more detail in FIG. 10, provides a
light stimulus to the subject in the form of light flashes,
causing the pupil to contract, and lights at different
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locations within a hemisphere of view, causing the sub-
ject to rotate his or her eye to gaze at the location of the
~ light. |

With reference to FI1G. 10, there is shown an array of
large circles 34 which represent the pupil stimulus LED
array. This array produces bright flashes of light used to
stimulate pupil responses which are measured by the
subject 1nvention. Within the LED array is a smaller
circle 35 which represents the fixation point; that is, this
is the optical location of the superposition of the light
from the green and orange I.LEDs 31 and 32 shown in
FIG. §. The outer two smaller circles 36 and 37 are
LEDs used to stimulate saccadic movements. These
LEDs are abruptly turned on an off in a controlled
sequence to stimulate the subject to rapidly rotate his or
her eye.

Referring again to FIG. 4, pupil imaging optics 22
provide an input to the computer 13 which the com-
puter uses to calculate pupil diameter and pupillary
response. The preferred technique for calculating pupil
diameter is disclosed in U.S. Pat. No. 5,196,872 issued to
Ross J. Beesmer et al. and assigned to the assignee of
this application. As described in that patent, the pupil
diameter 1s determined by counting clock pulses during
which the video level from each horizontal line scan of
the CCD sensor 55 exceeds a threshold. At the end of
each video field, the longest of those lengths is reported
to the computer 13 and is taken as the “diameter”.

When the instrument first comes out of its standby
mode, and before PUPIL PRESENT is determined, the
camera gain and the intensity of the IR LED 47, shown
in FIG. 6, that illuminates the pupil are not always
optimal for subsequent tracking and eye measurement.
Therefore, immediately upon PUPIL_PRESENT
being satisfied, these two levels are set as follows.

Recall that an image of the pupil is formed on the
quadrant detector S3 (shown in more detail in FIG. 6A).
Three output channels convey information from this
detector to the computer 13, a “horizontal difference”
voltage, indicating the difference in amounts of light
falling on the left versus the right halves of the detector,
a “vertical difference”, and a “sum” (of all four quad-
rants), indicating the total amount of light falling on the
entire detector. The current through the IR LED 47,
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and therefore its intensity, is automatically adjusted so 45

that the “sum” equals a criterion level, which is near but
below the saturation level of the quadrant detector. If
the reflectance of the subject’s retina is so low that the
“sum” cannot reach the criterion, the current 1s set at
the maximum possible level. Then, the gain of the cam-
era is automatically adjusted so the PEAK_LEVEL
equals a criterion value. This gain level yields an image
that 1s well above the noise level but does not saturate
the camera. _ |
Once the levels have been set, tracking is enabled.
Eye tracker 21 provides another input to the computer
13 which the computer uses to calculate saccadic veloc-
ity during eye pursuit. The basic tracking algorithm is as
follows. If the horizontal error signal indicates that the
pupil image is horizontally displaced from the center of
the quadrant detector by an amount greater than a
threshold amount, the stepper motor (not shown) that
causes the tracking mirror 46 to move about a vertical
axis is driven by computer 13 in a direction that reduces
the horizontal error signal. Similarly, the vertical error
signal 1s reduced by controlling the stepper motor
(again, not shown) that causes the tracking mirror 46 to
move about a horizontal axis. If, during tracking,
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PUPIL PRESENT should turn false and stay faise for
two seconds, e.g., the subject moves away from the
instrument or tracking has failed, then tracking is dis-
abled and an error message is presented via printer 23.

It 1s useful for a number of reasons, one of which is
related to blink detection, to detect the occurrence of
rapid eye movements, i.e., saccades. SACCADE goes
true when a tracking motor has stepped in the same
direction on more than a criterion number of successive
motor clock cycles; that 1s, when a stepper motor has
been going as fast as it can for more than a criterion
number of steps. SACCADE remains true until a clock
cycle occurs during which the motor does not step in
the same direction.

When a blink begins, the light distribution on the
quadrant detector 83 can cause the apparent position of
the pupil to change rapidly, which in turn can cause the
tracking mirror 46 to move to a new position such that
when the eye opens again, the optical axis will miss the
pupil and tracking will be lost. It 1s therefore important
to detect a blink as early in is course as possible, so that
tracking can be disabled and then re-enabled at the end
of the blink. Whenever a variable called BILINK is true,
tracking is suspended and the tracking mirror 46 is held
at the position it held immediately before BLINK went
true.

When the servo is tracking properly, the backlit
image of the pupil will remain entirely on the quadrant
detector 33, and the total amount of the light on the
quadrant detector will be equal to the product of the
area of the pupil by the flux density of the pupil light.
‘These two values will vary over time depending on the
subject’s angle of gaze and pupil diameter; hence, the
quadrant detector sum value will vary over time. How-
ever, the rate of change in the quadrant detector sum
from these two factors is small compared to the rate of
change in the quadrant detector sum value that occurs
when the subject blinks. More particularly, as the eyelid
cuts across the backlit pupil, several factors combine to
cause a rapid change in the guadrant detector sum, as
typified by the quadrant detector sum curve in FIG.
11A. Even in the case where the amount of light falling
on the quadrant detector is very close to the amount
when the eye is open, as in the case of very small pupils,

there i1s always a rapid change in the sum signal as the

eyelid closes and opens, as shown in FIG. 11B.

Since the plateau level of the sum signal (defined as
the signal level when the eye is open) will vary with
gaze angle and pupil diameter, setting up a fixed thresh-
old value, above which the eye is open and below
which the eye 1s closed, to detect blinks cannot work.
So in order to detect a blink, the blink detector subsys-
tem must detect the rapid decrease in signal directly
and, as soon as possible, stop the servo loop subsystem,
then look for the rapid increase in sum value that occurs
at the end of a blink and restore the servo loop subsys-
tem to normal operation. It should be understood that it
1s important to disable the servo loop system as early in
the blink as possible. When the light reflected from the
eyelid falls on the quadrant detector 53 replacing the
light from the pupil, the resulting signal from the quad-
rant detector has no relationship to the pupil position
and may result in a very large servo error signal. Such
a large servo error signal can have the effect of causing
the servo loop subsystem to move the tracking mirror
away from its current (and correct) location as quickly
as possible. On the other hand, when the eyelid has
opened, the erroneous quadrant detector difference
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signal 1s replaced by a valid pupil signal that will gener-
ally have a small servo error.

The challenge in detecting these rapid changes in
signal lies in the need for speed. Any algorithm to per-
form this function will be invoked at each interrupt. i.e., 5
900 times a second, prohibiting the use of normal float-
ing-point techniques for finding the slope of a curve;
e.g., regression line. What is needed is a highly efficient
technique that is insensitive to high frequency noise, as
a two-point slope calculation would be. Basically, this is
done by storing the incoming quadrant detector sum
values in a first-in. first-out (FIFO) type queue of length
N and comparing the oldest and newest values. If the
difference between these two values 1s greater than, say,
20% of the active signal, then a rapid decrease in signal
is occurring, signifying the start of a blink.

The newest value in the queue that was just read from
the quadrant detector is called “New...Value” and the
oldest value in the queue is called “Old_Value”. The
“Dark Value”, which was determined prior to en-
abling the servos, is an indicator of the noise level on the
quadrant detector. “Delay__Count” is the number of
clock ticks that must pass after the “Subject Is Blink-
ing”’ condition goes true before the conditional *““Shar-
p—Increase” can be set true. The value of “Delay_..
Count”, which is fixed at compile time, is determined so
that the delay time is long enough to get beyond the first

sharp increase on the Problem Blink Curve shown in
FIG. 11B.
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The following code is executed after each servo inter- 30
rupt:
if Subject..Is__Blinking then
if Delay > O then
Delay <« Delay - 1 35
if (New > Old + Delta*2) and (Delay = 0) then
Sharp__increase «— true
if (New__Value > Blink__Stop..level) and Sharp__Increase then
Subject...Is...Blinking <« false
else “Do if subject is not blinking”
Sharp__increase « false 40
Delay «- Delay__Count
Active__Signal «— Old_Value - Dark._Value
Delta «— Active_signal / 10 “Integer division”
Biink_Start_T evel « Old__Value - Delta*4
Bhnk__Stop..Level «— Old...Value - Delta*2
if New__Value < Blink__Start__ILevel then 45

Subject_Is_ Blinking «— true

F1G. 12 15 a flow diagram showing the logic of the
blink detector subsystem which implements the pseudo-
code above. At power up, the pupil IR LED 17 is held
in the off condition in function block 101, and the Dar-
k__Value is read from the quad detector 53 output in
operation block 102. The IR LED 47 is then turned on
in function block 103, and blinking is set to false in
function block 104. The program interrupt timer is set
to 900 Hz in function block 105, and the 900 Hz inter-
rupts are enabled in function block 106. The subsystem
at this point 1s initialized and waits for an interrupt.
When an interrupt is received, the New_Value is read
from the quad sensor sum output in operation block 107.
The New__Value is pushed into the queue in function
block 108, and the Old_Value is popped out of the
queue in function block 109. A test is made in decision
block 110 to determine if blinking is detected. If not,
Sharp__Increase is set to false and the delay is set to
. Delay__Count in function block 111. Next, in function
block 112 the Active Signal is set to Old__Value less the
Dark__Value measured on initialization. Delta is set to
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Active Signal divided by ten in function block 113, and
in function block 114, Bilink_Start I evel is set to Ol-
d—_Value minus four times Delta and Blink __S-
tep—Level 1s set to Old_Value minus two times Delta.
A test 1s then made in decision block 115, to determine
if New_Value is less than Blink_.Start_Tevel. If so,
Blinking 1s set to true in function block 116 and the
subsystem waits for the next interrupt; otherwise, the
subsystem simply waits for the next interrupt.

Returning to decision block 110, if Blinking is de-
tected, a further test is made in decision block 117 to
determine if the value Delay is greater than zero. If so,
the value Delay is decremented by one in function
block 118; otherwise, no change is made to the Delay
value. A test 1s then made in decision block 119 to deter-
mine if two times Delta plus Old._Value is less than
New__Value and Delay is equal to zero. If so, Shar-
p—Increase is set to true in function block 120: other-
wise, no change is made. Then, in decision block 121, a
test 1s made to determine if New__Value is greater than
Blink__Stop_Value and Sharp_Increase is true. If so,
Blinking is set to false in function block 122 and the
subsystem waits for the next interrupt; otherwise, the
subsystem simply waits for the next interrupt.

One last point about the “Subject._Is_Blinking” flag.
When this condition becomes true, motor movement
must be suspended as soon as possible; however, if a
motor 1S traveling at a speed greater than the stop-start
speed of that motor and the step commands to the
motor are immediately aborted, the motor will still

continue to move under mechanical inertia, resulting in
the microprocessor losing track of the motor’s position.

'The way around this problem (and an example of the
subtle interaction between these three software subsys-
tems) 1s not to suspend the servo loop during a blink but
to set the servo error to zero instead. This achieves the
suspension of motor activity but without the possible
loss of step integrity that may result without the grace-
ful ramping down of the motors as needed.

It will be appreciated from the foregoing that the eye

. tracking system according to the invention provides a

significant advance in the art of tracking fast eye move-
ments. By illuminating the retina of the eye with a spot
of light that is small enough in the pupil plane that it
never hits the iris, the light scattered back from the
retina and out of the pupil results in an image on the
four quadrant detector that looks like a bright disk on a
dark background, which is the optimum to furnish error
signals to a position measuring system. Although opti-
mum, the signals are not linear. Since the pupil is round,
the change 1n voltage difference between, say, the left
and right halves of the quadrant detector is not linear
with the amount of decentering of the pupil and, in fact,
depends on the size of the pupil. However, what is
important is that when the signals are equal from all
four quadrants, by definition the pupil image is centered
on the quadrant detector, and any departures from
equality signal that the pupil is not centered on the
detector.

In the practice of the invention, both the input light
and the light emerging from the pupil are reflected from
the tracking mirror 46. The electronics and tracking
program are designed so that if the signals from the
quadrant detector indicate that the pupil image is decen-
tered, say, to the left, then the mirror will rotate, mov-
ing the pupil image toward the right. Therefore, the
tracking system keeps the pupil image centered on the
quadrant detector. If the eye moves, decentering the
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pupll, the system moves the tracking mirror just enough
to compensate. |

The tracking mirror 46 does something else that is
quite important. The input light enters the eye in a very
small spot that does not hit the ins. Were the light to hit
the iris, the image on the quadrant detector would be an
image of the spot hitting the iris so that when the eye
moved, the ir1s moving under the spot would result in
the spot not moving with respect to the optical system,
so its image would not move on the quadrant detector.
In other words, an eye movement would not be signaled
unless the light enters the pupil and misses the iris. Then
if the eye moves, the pupil moves, so the input light has
to move too, 1n order to stay centered. That happens in
the eye tracking system according the invention be-
cause the input light is also reflected from the tracking
mirror. Thus, the tracking mirror 46 compensates for
eye movements to keep the pupil image centered on the
quadrant detector 33 and at the same time the input
light centered on the pupil.

By backlighting the pupil while avoiding illumination
of the iris, a simple image of far more contrast'than any
other system known is achieved, but in order to do so in
the presence of any significant movement, the pupil
must be accurately tracked. In order to track saccadic
movements, the tracking has to have a high sampling
rate (or be an analog system with a high frequency
response). In the preferred embodiment using stepper

motors, the quadrant detector amplifiers have cutoff 3

frequencies well above 1 kHz and their outputs are
sampled and the stepper motors that drive the tracking
mirror are stepped, 900 times per second. It would also
be possible to use the analog outputs of the horizontal
and vertical quadrant amplifiers to drive, directly, ana-
log linear actuators, e.g., voice coils, which in turn
drive the tracking mirror.

In order for the tracking servo subsystem to work
optimally, two special control subsystems have been
added. These are the pupil recognition and blink detec-
tion subsystems. If there i1s no blink detection, then
when the eye blinks, the system will usually lose track-
ing because the input illumination will then fall on the
eyelid, leaving the tracking servo system in an open
loop condition. That is, the tracking mirror can move
without causing any change in the error signal. This is
because the mirror moves both the input and output
paths. If the mirror moves, the spot falling on the eyelid
will move, but that movement will be exactly compen-
sated for by the mirror, keeping the image stationary on
the quadrant detector. Thus, the blink detector subsys-
tem locks the tracking servo subsystem in place until the
blink is over, on the assumption that the eye will not
move so far during the blink that when the eye opens,
the spot will miss the pupil. This assumption is true for
most cases. The pupil recognition subsystem is needed
so that, if the system loses tracking with the result that
the light spot does not enter the pupil, loss of tracking
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can be recognmized. Similarly, when a test is started

automatically, that 1s, without needing an operator, the
system has to know that a pupil is there before tacking
1s activated and the test started.

While the eyelid is closed during a blink, tracking will
be suspended for the reasons given above. If tracking
were to be enabled the instant that BLINK went false
during reopening after a blink, the tracking mirror

65

could be driven to a false position on large pupils, and

tracking would be lost. Therefore, tracking is not re-

16 -
enabled until a preset period of time after BLINK goes
false.

During very rapid (saccadic) eye movement, the
video image will sometimes satisfy both of the blink
criteria described above even though no blink is actu-
ally occurring. Obviously, if BLINK went true and
tracking were suspended during an eye movement,
tracking would be lost. To avoid this possibility, a third
condition is included in the blink detection algorithm,
namely that while SACCADE is true, BLINK cannot
be true.

Based on measurements performed during a test, the
computer 13 computes the values of Diameter, Ampli-
tude, Latency, and Saccadic Velocity from the subject’s
responses to the light stimuli. Using these values and
accessing the us and os of the subject’s individual base-
line values from database 14, the value Index is com-
puted using Equation (1). The value Index is then com-
pared to a predetermined threshold by the computer 13,
and the result 1s reported by printing a receipt 23 using
printer 24. The result is also stored with a date and
timestamp in the database 14 for archival purposes and
later access. If the value of Index is above the predeter-
mined threshold, the result is reported as FAIL.

While the mvention has been described in terms of a
single preferred embodiment, those skilled in the art
will recognize that the invention can be practiced with
modification within the spirit and scope of the appended
claims.

Having thus described our invention, what we claim
as new and desire to secure by Letters Patent is as fol-
lows: |

1. A fitness impairment tester comprising:

pupil imaging optics and focusing an image of the
subject’s pupil on an image plane;

pupil diameter measurement means for measuring
diameter of and changes in the image of the sub-
ject’s pupil on said image plane in response to light
stimuli;

an eye tracker for tracking movements of the sub-
ject’s eye in response to moving light stimuli;

data acquisition means responsive to said pupil diame-
ter measuring means and said eye tracking means
for generating dynamic measures of pupil diameter
and movements of the subject’s eye as a function of
time; .

a database for storing baseline data for the subject;
and -

a computer controlled by a stored program for con-
trolling said light stimuli and receiving said dy-
namic measures of pupil diameter and movements,
accessing said baseline data for the subject, and
providing an output indicative of a deviation of
said current measurements from said baseline data.

2. The fitness impairment tester as recited in claim 1
further comprising light stimulus means controlled by
said computer for providing light stimuli on and off axis
of said pupil 1imaging optics.

3. The fitness impairment tester as recited in claim 1
wherein a subject’s personal identification number is
stored with the subject’s baseline data in the database,
further comprising an identification input device for
entering a subject’s personal identification number, said
computer correlating the entered personal identification
with the personal identification number stored with the
subject’s baseline data.

4. The fitness impairment tester as recited in claim 1
wherein said pupil imaging optics comprises:



3,422,690

17

a source of infrared light;

optics forming an image of the source of infrared
light and directing the infrared light toward the
subject’s pupil, said image being smaller than the
smallest that the subject’s pupil ever gets, infrared 3
light passing through the subject’s pupil and falling
on the subject’s retina where it is backscattered;
and

an image sensor located at said image plane, the back-
scattered light exiting the subject’s pupil being 1©
projected onto said image sensor.

S. The fitness impairment tester as recited in claim 4
wherein said 1mage sensor is a video camera providing
an output to said pupil diameter measurement means.

6. The fitness impairment tester as recited in claim 4
wherein said eye tracker comprises:

a tracking mirror rotatable about at least one axis, said
tracking mirror directing the image of the source of
infrared light to the subject’s pupil and also direct-
ing the backscattered light exiting the subject’s
pupil onto said image sensor;

a beamsplitter intercepting the backscattered light
exiting the subject’s pupil and directing a portion of
the backscattered light away from said image sen- 55
sor:; and |

a detector positioned to receive said portion of the
backscattered light directed away from said image
sensor, said detector having at least two outputs
connected to said computer to provide a measure 30
of decentering of the backscattered light on said
detector, said computer controlling the rotation of
said tracking mirror to maintain the backscattered
light from the subject’s eye centered on the detec-
tor. 35

7. The fitness impairment tester recited in claim 6
further comprising blink detector means coupled to
inhibit tracking by said eye tracker during a blink by the
subject being tested.

8. The fitness impairment tester recited in claim 6 40
further comprising eye image acquisition means for
automatically imtiating a test of a subject upon acquir-
ing an image of the subject’s eye.

8. A method of testing fitness impairment of a subject
comprising the steps of: 43
illuminating a subject’s pupil and focusing an image

of the subject’s pupil on an image plane;

tracking movements of the subject’s eye in response
to moving light stimuli; s

generating measures of one or more parameters P; of
the subject’s eye as a function of time;

storing baseline data for the subject in a database;

controlling light stimulus means and receiving said
measures of said parameters Pj; 55

accessing said baseline data for the subject; and
- providing an output indicative of a deviation of cur-
rent measurements of said parameters P; from said
baseline data. |

10. The method of measuring fitness impairment of a ¢
subject as recited in claim 9 wherein the step of provid-
ing an output indicative of a deviation of said current
measurements from said baseline data comprises the
steps of:

computing a mean u;for each measured parameter P; 65

computing a standard deviation a; for each measured
parameter P; and

computing an Index as
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2
n P —
Index = 2 (__j_____&f__) ,
=1 Ui

where n is the number of parameters P;, a large value of
Index indicating that measured parameter values are
very different than those of the baseline.

11. The method of measuring f{itness impairment of a
subject as recited in claim 10 wherein the parameter
measured 1s Saccadic Velocity SV and the Index is
computed as

2

SV —
ndex — (_.......f__.) |
oSy

and the measurement of SV 1s a dynamic measurement.

12. The method of measuring fitness impairment of a
subject as recited in claim 10 further comprising the step
of measuring parameters of the image of the subject’s
pupil on said image plane in response to light stimuli and
wherein the parameter measured is Latent LAT and the
Index 1s computed as

2

( LAT — prar )
Index = | ————m—m—mmm— | |
TLAT

and the measurement of LAT is a dynamic measure-
ment. : |

13. The method of measuring fitness impairment of a
subject as recited in claim 10 further comprising the step
of measuring parameters of the image of the subject’s
pupil on said image plane in response to light stimuli and
wherein the parameters are Saccadic Velocity SV and
Latency LLAT and the Index is computed as

2 2
(LAT—;.LMT) (SV—P-SV)
Index = | ~————————— O | — ’
GLAT TSy

and the measurements of SV and LAT are dynamic
measurements.

14. The method of measuring fitness impairment of a
subject as recited in claim 13 wherein Amplitude AMP
1s measured and Index is computed as

2 2

AMP — LAT —
Indexz( PAMP) +( BLAT ) .
TAMP OLAT

and AMP 1s a dynamic measurement.

15. The method of measuring fitness impairment of a
subject as recited in claim 14 wherein Initial Diameter
INI 1s measured and Index is computed as

2 2

INT — prny AMP — pamp
IHdEX — S ettt -+ ————— it e ——t +
O INT T AMP
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_ 17. The method of measuring fitness impairment of a
-continued subject as recited in claim 9 wherein a subject’s personal
AT 2 — 2 identification number is stored with the subject’s base-
( RLAT ) (-_._._‘"'S_V) . line data in the database, said method further compris-
TLAT uGld 5 ing the steps of:

entering a subject’s personal identification number
16. The method of measuring fitness impairment of a prior to testing; and |
correlating the entered personal identification num-
L _ o _ _ ) ber with the personal identification number sorted
providing light sttmuli on and off axis of said pupil ;4 with the subject’s baseline data.

imaging optics. ¥ * ¥ * x

subject as recited in claim 9 further comprising the step
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